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Summary 
Tetanus toxin cleaves the synaptic vesicle protein sy- 
naptobrevin, and the ensuing loss of neurotransmitter 
exocytosis has implicated synaptobrevin in this pro- 
cess. To further the study of synaptic function in a 
genetically tractable organism and to generate a tool 
to disable neuronal communication for behavioural 
studies, we have expressed a gene encoding tetanus 
toxin light chain in Drosophila. Toxin expression in 
embryonic neurons removes detectable synaptobrevin 
and eliminates evoked, but not spontaneous, synaptic 
vesicle release. No other developmental or morpho- 
logical defects are detected. Correspondingly, only 
synaptobrevin (n-syb), but not the ubiquitously ex- 
pressed syb protein, is cleaved by tetanus toxin in 
vitro. Targeted expression of toxin can produce spe- 
cific behavioral defects; in one case, the olfactory es- 
cape response is reduced. 
Introduction 
Neurons communicate with their target cells by the Ca 2+- 
regulated exocytotic release of neurotransmitters stored 
in synaptic vesicles. Several proteins are localized prefer- 
entially in synapses and most have been implicated in 
the machinery of vesicle release (reviewed by Walch- 
Solimena et al., 1993). The machinery includes a core 
complex of proteins, known as N-ethylmaleimide-sensitive 
fusion protein (NSF), (~-soluble NSF attachment protein 
((~-SNAP), and y-SNAP, that has been implicated in vari- 
ous vesicle fusion events in eukaryotic ells. The specific- 
ity of fusion appears to be regulated by specific receptor 
proteins in the vesicle membrane (v-SNAREs) and in the 
target membrane (t-SNAREs). In the case of neurotrans- 
mitter release, the synaptic vesicle protein synaptobrevin, 
also known as VAMP (Trimble et al., 1988; Baumert et al., 
1989), has been proposed as a v-SNARE that targets the 
vesicle to the plasma membrane using the t-SNAREs syn- 
taxin and SNAP-25 (SSIIner et al., 1993). 
A requirement for synaptobrevin, syntaxin, and SNAP- 
25 in synaptic vesicle exocytosis is strongly suggested by 
§These authors contributed equally to this work. 
the identification of these proteins as targets of clostridial 
neurotoxins, which are potent inhibitors of neurotransmit- 
ter release. Tetanus toxin (TeTx) and seven structurally 
related botulinal neurotoxins (BoNT/A to G) consist of two 
polypeptide chains. A heavy chain mediates neuroselec- 
tive binding, internalization, intraneuronal sorting, and 
translocation of the light chain to the cytosol. The light 
chains catalytically inhibit synaptic transmission once 
present in the cytosol by cleaving either synaptobrevin, 
syntaxin, or SNAP-25 with unique selectivity at single sites 
(Poulain et al., 1988; Bittner et al., 1989; Mochida et al., 
1990; Kurazono et al., 1992; Niemann et al., 1994). 
The target of TeTx light chain (TeTxLC) in the synapse 
is synaptobrevin, an intrinsic membrane protein localized 
on synaptic vesicles. It is proteolytically cleaved by 
TeTxLC between Gin-76 and Phe-77 (numbering as in rat 
synaptobrevin 2; Schiavo et al., 1992; Link et al., 1992). 
Though there may be other cellular targets for these tox- 
ins, such as the synaptobrevin homolog cellubrevin 
(McMahon et aL, 1993), synaptobrevin is the only synapse- 
specific protein that is detectably cleaved. 
Insights into the functions of synaptic proteins have also 
come from studies of mutant organisms. Drosophila and 
Caenorhabditis elegans mutants that lack synaptotagmin 
suggest a role for it in regulation of synaptic exocytosis 
(DiAntonio et al., 1993a; Nonet et al., 1993; Littleton et 
al., 1993a). Drosophila that lack cysteine string protein 
suggest a role for this protein in stabilizing components 
of the neurotransmitter release machinery (Zinsmaier et 
al., 1994). Drosophila that lack Rop protein show defects 
in both synaptic vesicle release and general secretion 
(Harrison et al., 1994). Mutation of synapsin I in mouse 
causes a rather mild defect, suggesting either a subtle 
regulatory role or partial functional redundancy for this 
protein (Rosahl et al., 1993). So far, no mutations affecting 
synaptobrevin have been reported. 
Synaptobrevin is also found not only in synapses, but 
also in some mammalian endocrine cells, suggesting a 
possible role in hormone secretion (Baumert et al., 1989). 
A ubiquitously expressed homolog of synaptobrevin, cellu- 
brevin, is also found in mammals (McMahon et al., 1993). 
Cellubrevin is involved in a more general exocytotic pro- 
cess (Galli et al., 1994), and its susceptibility to TeTx may 
account for the effects of the toxin in mouse seminiferous 
epithelium (Eisel et al., 1993). In Drosophila too, both a 
neurally expressed synaptobrevin gene, n-syb, and a ubiq- 
uitously expressed homolog, syb, have been identified 
(Si]dhof et al., 1989; Chin et al., 1993; DiAntonio et al., 
1993b), suggesting that these may be functional homologs 
of synaptobrevin and cellubrevin, respectively. 
To study the consequences of inactiw~ting synapto- 
brevin in synapses, we have expressed TeTxLC in 
transgenic Drosophila and have shown that it cleaves fly 
synaptobrevin and abolishes synaptic transmission at a 
defined neuromuscular junction. We have thus assessed 
whether the toxin has other obvious targets in flies apart 
from synaptobrevin and whether synaptobrevin has any 
obvious role other than in synaptic vesicle release. 
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Figure 1. GAL4 Line 1407 Drives Expression f UAS-TNT in the Nervous System from Early Neurogenesis through to the End of Embryonic 
Development 
(A) TeTxLC expression begins in neural precursor cells in both the central and peripheral nervous systems shortly after they segregate from the 
epidermis. Here, we show an embryo at 9 hr AEL, prior to axonogenesis. Strong toxin expression is seen in the CNS and PNS (arrow), but not 
elsewhere. 
(B) 1407 drives toxin expression pan-neurally. Here, weshow an embryo at 15 hr AEL showing strong toxin expression in both t e CNS and PNS. 
The morphology of the nervous system is not bviously perturbed. 
(C) The ventral innervation of one hemisegment in the mature wild-type embryo (22 hr AEL) stained with anti-Fasciclin II antibody to reveal the 
motor nerves. 
(D) A similar field stained with anti-TeTxLC antibody in the 1407 x UAS-TNT line. Note that TeTxLC is localized in all the axons and identified 
NMJs. The morphology of the system and individual synapses is not perturbed by TeTxLC expression. 
Bar, 10 I~m. 
The use of TeTxLC to inactivate synaptobrevin allows 
not only the general removal of synaptobrevin from the 
nervous system, but also its targeted removal from specific 
neurons. Such a targeted disruption of chemical synaptic 
communication among specific neurons should be a use- 
ful tool for behavioral analysis in Drosophila. We show 
that it is possible to screen GAL4 enhancer-trap lines for 
specific behavioral phenotypes caused by directed ex- 
pression of TeTxLC.  
Results 
Construction of Transgenic Fly Lines 
We wished to be able to express TeTxLC in a variety of 
neuronal and other cell types. We therefore used a pro- 
moter that contained the UASGAL element and whose activ- 
ity was thus dependent on the presence of the yeast GAL4 
transcription factor. Given the availabil ity of numerous 
GAL4 enhancer-trap lines with different GAL4 expression 
patterns (Brand and Perrimon, 1993), this allowed us to 
express the toxin in any cell type that expressed GAL4 in 
any enhancer-trap line. The GAL4-dependent P element 
expression constructs pTNT, carrying the active TeTxLC 
gene, and plMPTNT-Q and plMPTNT-V, carrying muta- 
tionally inactivated TeTxLC genes, were therefore used 
to transform flies. We obtained eight stable independent 
transformant fly lines carrying pTNT, three lines carrying 
plMPTNT-Q, and six lines carrying plMPTNT-V. 
Susceptibility of Drosophila to TeTxLC 
To assess the toxicity of the pTNT and plMPTNT con- 
structs in Drosophila, flies carrying them were crossed to 
288 P-GAL4 enhancer-trap lines, which had been gener- 
ated in a previous screen (K. G. Moffat, J. Connolly, J. K., 
S. T. S., and C. J. O'K., unpublished data). When crossed 
to one TNT insertion strain, TNT-E, 135 of these lines 
showed lethality prior to adulthood (presumably owing to 
earlier expression of GAL4), whereas 153 survived. When 
crossed to flies carrying the plMPTNT-V construct, 19 of 
the P-GAL4 lines that caused lethality with TNT all gave 
rise to viable progeny, which had no obvious defects; simi- 
lar results were obtained in crosses of the IMPTNT-Q con- 
struct to other GAL4 lines. Hence, I"eTxLC was toxic to 
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Figure 2. ExpressionofTeTxLCinthePresyn- 
aptic Motor Neuron Eliminates Synaptic Trans- 
mission at the Embryonic NMJ 
TeTxLC was expressed either postsynaptically 
with GAL4 line 24B or presynaptically with 
GAL4 line 1407. In 24B, the toxin is localized 
only in early muscle precursors (Brand and Per- 
rimon, 1993) and muscles; in 1407, the toxin 
is localized in neurons and identified NMJs 
(arrow). Expression of TeTxLC in either synap- 
tic partner does not affect he response of the 
muscle to iontophoretically applied transmitter 
(L-glutamate). Likewise, expression of TeTxLC 
in the muscle does not affect synaptic transmis- 
sion. In contrast, presynaptic expression of 
TeTxLC eliminates synaptic ransmission. All 
current recordings were taken from muscle 6 
voltage-clamped at -60 mV. In each case, 10 
recordings have been superimposed. Bars, 
5 p_m. 
Drosophila, whereas two inactive mutants of TeTxLC had 
no effect on viability. 
Targeted Expression of TeTxLC in the Embryo 
To determine whether the toxicity of TeTxLC in Drosophila 
was consistent with failure of synaptic transmission, we 
used two P-GAL4 lines to express the toxin in the devel- 
oping embryo (Figure 1 and Figure 2): line 1407, in which 
GAL4 is expressed in the embryonic nervous system, and 
line 24B, in which GAL4 is expressed in the embryonic 
muscles. When crossed to a pTNT line, 1407 drives 
TeTxLC expression in the nervous system and 24B drives 
expression in the muscles. In both cases, TeTxLC expres- 
sion begins in early progenitor cells, and expression con- 
tinues through to late embryonic development. In the 
mature embryo, 1407 drives pan-neural expression of 
TeTxLC (Figure 1; Luo et al., 1994; J. Urban, personal 
communication); it is localized in all peripheral sensory 
neurons, in the cell bodies of CNS neurons, in afferent and 
efferent axons in the peripheral nerves, and in individual 
boutons of the embryonic neuromuscular junction (NMJ). 
Line 24B, in contrast, drives toxin expression in all body 
muscles without detectable expression i  the nervous sys- 
tem or elsewhere (Figure 2; Brand and Perrimon, 1993). 
TeTxLC Expression Does Not Affect 
Morphological Development 
Embryonic TeTxLC expression has no discernible effect 
on morphological development. When TeTxLC is ex- 
pressed in muscles from early stages of myogenesis, the 
muscles are morphologically normal (Figure 2) and the 
embryo hatches and moves normally. Likewise, if TeTxLC 
is expressed pan-neurally from early neurogenesis (Figure 
1 a), the nervous system of the mature embryo is morpho- 
logically normal (Figure 1 b). Moreover, NMJs in which the 
toxin is immunologically localized are indistinguishable 
from normal NMJs at the light microscope level (Figures 
lc  and ld). Such NMJs contain normal synaptic boutons 
in the correct number, have the normal number of synaptic 
branches, and occupy the normal synaptic domain on the 
muscles. Hence, TeTxLC does not perturb cell survival, 
differentiation, axonal outgrowth, or morphological synap- 
togenesis. 
Presynaptic TeTxLC Expression Blocks 
Coordinated Movement 
TeTxLC expression in body muscles had no detectable 
behavioral consequences on embryos; they moved in a 
normal coordinated fashion and hatched into viable larvae 
that survived until late pupal stages (when lethality could 
be attributed to widespread CNS expression of toxin at this 
time). In contrast, toxin expression in the nervous system 
eliminated coordinated muscle movement, although the 
embryonic heart continued to beat, and gut movements 
continued in an apparently normal manner. However, 
muscle paralysis was not complete; isolated muscle con- 
tractions and contractions of groups of muscles were ap- 
parent. Longer bouts of muscular movement were seen 
in late embryos (16-19 hr after egg laying [ALL]), but hese 
movements were absent by the normal hatching age (20- 
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Figure 3, Spontaneous mEJCs Persist at a Reduced Frequency in 
Synapses that Express TeTxLC 
(A) mEJCs measured in the uninduced homozygous TNT-G line (con- 
trol) and the TeTxLC-expressing line P-GAL4 1407/TNT-G. Miniature 
currents were recorded at 22-24 hr AEL in muscle 6 with the nerve 
cut and the CNS removed; normal saline (1.8 mM Ca 2+) was used. The 
control showed mEJCs with a frequency similar to wild type (Broadie t 
al., 1994b), TeTxLC-expressing synapses maintain aparently normal 
mEJCs, but their frequency is reduced by about 50% relative to the 
control, 
(B) mEJC frequencies of the control and TNT lines in both 0 rnM Ca 2+ 
and 1.8 mM Ca 2+. The TeTxLC-expressing synapses how a 4-fold 
increase in mEJC fequency at the elevated external Ca 2+ concentra- 
tion. The graph shows mean frequency --- SD from at least 10 cells. 
21 hr AEL), and the embryos did not respond to tactile 
stimulation. These paralyzed embryos could not escape 
the egg case and so did not hatch as larvae. Hence, post- 
synaptic expression of TeTxLC does not affect the function 
of the body wall musculature, whereas presynaptic ex- 
pression of TeTxLC blocks coordinated movement. 
Abolition of Synaptic Transmission at 
an Identified Synapse 
To determine whether TeTxLC was inhibiting neurotrans- 
mitter release, we examined the effects of toxin either in 
the presynaptic motor neuron (in line 1407) or the postsyn- 
aptic muscle (in line 24B) in the identified NMJ between 
motor neuron RP3 and muscle 6 (Broadie et al., 1994a). 
It has been shown previously that neuromuscular activ- 
ity during synaptogenesis is required for construction of 
a postsynaptic receptor field in the muscle (Broadie and 
Bate, 1993a). The receptor field was assayed by the focal 
application of the neurotransmitter L-glutamate at the NMJ 
and by the recording of the resulting glutamate-gated cur- 
rent in the voltage-clamped muscle. When TeTxLC was 
expressed either postsynaptically or presynaptically, a
large glutamate-gated current was obtained at the synap- 
tic site that was similar in amplitude to that obtained in 
normal NMJs (Figure 2; Broadie and Bate, 1993a). Hence, 
TeTxLC expression in either the motor neuron or the mus- 
cle does not perturb postsynaptic differentiation in the 
muscle. 
Synaptic transmission was driven by stimulating the 
motor nerve with a suction electrode and monitored 
by recording the resulting synaptic current in the voltage- 
clamped muscle. If TeTxLC was expressed postsynapti- 
cally in the muscle, normal synaptic transmission occurred 
(Figure 2). The amplitude of the synaptic current was not 
significantly different from a normal NMJ (n -- 10). In con- 
trast, if TeTxLC was expressed presynaptically in the mo- 
tor neuron, synaptic transmission was eliminated (Figure 
2). Repeated stimulation at 25 independent synapses, in 
embryos of various ages, failed to elicit any neuromuscular 
transmission under conditions in which a single synaptic 
vesicle release would be detected; recordings were made 
at 16 hr AEL (5 embryos), 18 hr AEL (5 embryos), and 22 
hr AEL, the normal hatching age (15 embryos). Hence, 
presynaptic expression of TeTxLC completely eliminates 
synaptic transmission. 
In contrast o the elimination of excitation-evoked synap- 
tic transmission, analysis of miniature xcitatory junction 
currents (mEJCs) in TeTxLC-expressing synapses shows 
that spontaneous ynaptic vesicle fusion persists (Figure 
3). The frequency of mEJCs is decreased by the toxin 
about 50% relative to the controls. 
In conclusion, cell type-specific expression of TeTxLC 
blocks excitation-evoked synaptic transmission in Dro- 
sophila and decreases, but does not block, spontaneous 
synaptic vesicle release. TeTxLC expression in the system 
does not affect the morphological differentiation of either 
synaptic partner or the synapse itself. Likewise, TeTxLC 
expression in either partner does not affect postsynaptic 
differentiation. Moreover, TeTxLC expressed in the post- 
synaptic cell does not affect transmission from its presyn- 
aptic partner. Thus, TeTxLC must be blocking synaptic 
transmission by preventing the secretion of synaptic vesi- 
cles in the presynaptic terminal. We conclude that targeted 
expression of TeTxLC can be used to block synaptic trans- 
mission specifically in the targeted neuron. 
TeTxLC Removes Detectable Synaptobrevin 
at Identified Synapses 
To establish the extent of synaptobrevin degradation 
caused by TeTxLC, immunocytochemistry was performed 
on wild-type and TeTxLC-expressing synapses using an 
antibody against a peptide containing the highly con- 
sewed residues 33-94 of human synaptobrevin 2 (Shone 
et al., 1993; Li et al., 1994). This antibody detected a strong 
specific signal in axons and synapses of late embryos (22- 
24 hr AEL), which was eliminated in TeTxLC-expressing 
cells (Figure 4). This signal is likely to be caused by n-syb 
rather than syb protein; only n-syb, but not syb, is ex- 
pressed preferentially in the nervous system (DiAntonio 
et al., 1993b), and n-syb is more similar to the human 
sequence used to raise the antibody (Figure 5). We did not 
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Figure 4. TeTxLC Expression Fliminates n-syb 
Expression at Identified Neuromuscular Syn- 
apses 
Expression of synaptobrevin and synaptotag- 
min in neuromuscular synapses was assayed 
at 22-24 hr AEL in both wild-type and TeTxLC- 
expressing 1407/TNT-G embryos. Synaptotag- 
min was expressed at similar levels in wild-type 
(A) and 1407/TNT-G (B) synapses. The arrow 
indicates the NMJ on muscles 6 and 7 that has 
been the subject of our morphological nd 
physiological studies. In contrast, synapto- 
brevin is strongly expressed in embryonic syn- 
apses (arrows) of the wild type (C) but is absent 
from TeTxLC-expressing synapses (D). As an 
internal control, note that the transverse nerves 
at the segment border in (arrowhead in[C]) are 
still labeled in(D); these nerves contain meso- 
dermally derived processes that do not express 
the 1407 GAL4 insert and so do not express 
TeTxLC. 
detect synaptobrevin in Western blots on embryo extracts; 
the antibody detected several cross-reacting proteins of 
various sizes, none of which was eliminated by TeTxLC 
(data not shown). We conclude that n-syb is cleaved by 
TeTxLC and that at least one of the cleavage products 
recognized by the antibody (probably the N-terminal prod- 
uct that is most conserved; Figure 5) is then degraded in 
the cell. 
In Vitro Cleavage of Synaptobrevin 
In vertebrates, TeTx cleaves both synaptobrevin and its 
ubiquitously expressed homolog cellubrevin (Schiavo et 
al., 1992; Link et al., 1992; McMahon et al., 1993). One 
would therefore expect TeTxLC to have wider effects on 
both neuronal and nonneuronal cells when expressed in 
transgenic mammals, and this is consistent with the testis 
defects observed by Eisel et al. (1993). The ubiquitously 
expressed Drosophila syb protein could also potentially 
be a target of TeTxLC in flies; the QF cleavage site and 
flanking residues of both Drosophila syb and n-syb are 
well conserved when compared with the susceptible mam- 
malian synaptobrevins (Figure 5). 
To test whether Drosophila syb protein was a target for 
TeTx, the syb-a isoform (Chin et al., 1993) and n-syb were 
expressed in an in vitro transcription-translation system 
and tested for cleavage by added toxin (Figure 6). As con- 
trols, rat synaptobrevin 2 and its TeTx-resistant mutant 
derivative RSB2Q76V were also expressed and tested for 
toxin susceptibility. Labeled protein was incubated with 
recombinant TeTxLC protein or tetanus holotoxin. Dro- 
sophila n-syb and rat synaptobrevin 2 were both cleaved 
by TeTxLC, although fly n-syb was cleaved less efficiently 
than the rat homolog (Figure 6). Drosophila syb-a re- 
mained uncleaved after 6 hr of incubation with TeTxLC 
(Figure 6 and data not shown). Likewise, Drosophila n-syb, 
but not syb-a, was cleaved by reduced tetanus holotoxin 
(data not shown). 
Targeted TeTxLC Expression Can Cause a Specific 
Behavioral Defect 
Given the effect of TeTxLC on synaptic transmission, we 
reasoned that it should be possible to use the toxin to 
disrupt specific behavioral responses. Indeed, in some of 
the cases above in which a P-GAL4 line gave rise to viable 
toxin-expressing offspring, these offspring showed behav- 
ioral defects of varying severity, such as extreme lethargy 
for some lines or wobbly walking for others. However, we 
chose to screen a number of P-GAL4 lines crossed to 
a TNT line for defects in a defined reflex response, the 
olfactory jump response (McKenna et al., 1989). 
The progeny of one P-GAL4 line, line 129, crossed to 
TNT-E (in a Canton S background) had a jump frequency 
of less than 9% (Figure 7). These flies were not obviously 
otherwise inactive. In comparison, the progeny of line 129 
crossed to Canton S w z had a jump frequency of 75%, 
showing that he defect was not due to a dominant effect 
of the P-GAL4 insertion or its genetic background. The 
effect of toxin expression on the jump response was highly 
significant (~2 = 323, 1 degree of freedom [dof]; p << 
.001); no significant differences were observed between 
males and females of any genotype that carried the 129 
insertion (~2 = 0.007, 1 dof, p > .9, TNT-E cross; X2 = 
0.124, 1 dof, p > .5, Canton S w z cross). Some 30 other 
P-GAL4 lines were also crossed to TNT-E; their progeny 
had higher response rates that varied from about 40% to 
100%, showing that the defect was not due to any effect 
Neuron 
346 
Human 2 
Bov ine  2 
Rat  2 
Human I 
Rat  1 
Dros -syb  
Dros -n -syb  
MSATAAT- -APPA- -APAGEG . . . . . .  GPPAPPPNLTSNRRLQQTQAQVDEWDIMRV~qDKV 53  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  
. . . . . . .  - -V . . . - - .  . . . . .  - - - -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  53  
. . , P .QPPAEGTE -GT .PG.  - . . .G  . . . .  M . . . . . . . . . . . . .  E . . . . .  I . . . . . . .  55  
. , . P ,QPPAEGTE- -GA.PG. -  . . . . .  , . .G  . . . .  T . . . . . . . . . . . . .  E . . . . .  I . . . . . . .  55  
MENNEAPSPSGSNNNDF, ILPPPPNANDNYNQF,DHQIRN.NAAQKK . . . . . .  K . . . . .  G . . . . . .  E . .  69  
.ADA.PAGD. . .NAG . . . . . .  GDGEIV .G .HN,QQIAAQK . . . . . . . . . . . . . . . . .  T . ,E . .  63  
LERDQKLSELDDRADALQAGASQFETSAAKLKRKYWWKNLK~MI ILGVICA I I L I I I IVYFSS-  1 !6  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - 116 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T-  i16  
. . . . . . . . . . . . . . . . . . . . . . . . .  S . . . . . . . . . . . . .  c . . . .  M . .A  . . . . .  VVV.V I . , FT -  118  
. . . . . . . . . . . . . . . . . . . . . .  V . .S  . . . . . . . . . . . . .  C . . . .  M . .A  . . . . .  VVV.V I . I FT -  118  
. . . . . . . . . .  GE , . ,Q ,EQ . . . . . .  QQ.G . . . . .  Q , .A .N  . . . . . . . . .  AWL. . .VL .SVWPSSSDSGSGGGNKAITQAPPH-  152  
. . . .  S . . . . . . . . . . . . .  Q . . . . . .  QQ.G. .RK .F .LQ . . . . . . .  M . . .GLVVVG, .ANKLGL IGGEQPPQYQYPPQyMQppp/contd  
contd /PPPQQPAGGQSSLVDGAGAGDGAGGSAGAGDHGGV-  181  
Figure 5. Multiple Alignment of Synaptobrevin 
Sequences and Conservation of the TeTx 
Cleavage Site 
Several mammalian synaptobrevin I and sy- 
naptobrevin II sequences, Drosophila syb, and 
Drosophila n-syb are shown (Elferink et al., 
1989; SLidhof et al., 1989; Archer et al., 1990; 
DiAntonio et al., 1993b). Residue 68 of n-syb 
was shown d uring this work to be S rather than 
T as reported previously (DiAntonio et al., 
1993b). Periods show residues identical to hu-
man synaptobrevin 2; hyphens show gaps in 
the alignment; tildes show the C terminus of 
each protein. The QF residues that fl nk the 
TeTx cleavage site in susceptible synaptobrevins are shown by asterisks. In rat synaptobrevin I, a Q to V substitution has rendered the protein 
resistant to TeTx. Drosophila syb protein is resistant to TeTx, despite retaining the QF cleavage site. 
of the TNT-E insertion on its own. Canton S w z had a high 
response rate of 90% (males) or 68% (females). 
To assess which cells might be responsible for the jump 
response defect, 2-day-old flies carrying both insert 129 
and a UASGAL-lacZ insert were stained for expression of 
13-galactosidase (Figure 8). Neural expression was strong- 
est in a leg nerve in each hemisegment, in some leg sensil- 
lae, in a few cell bodies in the brain and the ventral nerve 
cord, in some sensillae in the second antennal segment, 
in the proboscis, and in the maxillary palps; weaker ex- 
pression was also observed in some sensillae scattered 
over the third antennal segment. Nonneuronal staining 
was found in salivary glands and in a few proboscis mus- 
cles. 
Discussion 
We have shown that Drosophila synaptobrevin (n-syb) is 
susceptible to cleavage by TeTxLC and that presynaptic 
expression of TeTxLC in transgenic flies removes detect- 
able synaptobrevin from the NMJ. 
Presynaptic expression of TeTxLC abolishes evoked 
neuromuscular synaptic transmission. As axon outgrowth, 
synapse formation, and neuronal and synaptic morphol- 
ogy appear normal and muscle depolarization still occurs 
if transmitter is added exogenously, our results argue that 
TeTxLC blocks the process of evoked neurotransmitter 
release in Drosophila. They also suggest that synapto- 
brevin is not involved in any other vesicle fusion process 
that is essential for normal cellular viability or development, 
in contrast to one of the proposed synaptic t-SNAREs, 
SNAP-25 (Osen-Sand et al., 1993). 
Spontaneous vesicle release still occurs in TeTxLC- 
expressing synapses, albeit at a reduced level. Hence, 
synaptobrevin is not essential for spontaneous vesicle re- 
lease but may play a secondary regulative role or may be 
required for only a subpopulation of spontaneous release 
events. We cannot completely exclude the possibility of 
a subpopulation of vesicles, which are not available to 
the evoked release mechanism, containing synaptobrevin 
that is protected from TeTxLC; however, given the expres- 
sion of TeTxLC in this line well before motor axon out- 
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Figure 6. TeTxLC Cleaves n-syb and SB2 but 
Not syb-a and RSB2Q76V 
In vitro translated synaptobrevins were incu- 
bated for 3 hr at 37°C with or without purified 
recombinant TeTxLC. Products were analyzed 
using 17.5% SDS-PAGE gels followed byauto- 
radiography. The arrow shows the larger cleav- 
age product of n-syb. A diffuse band corre- 
sponding to the size of the smaller cleavage 
product was observed only in the presence of 
toxin on longer exposure of the autoradio- 
graph. The predicted molecular weight of n-syb 
is 20 kDa, and cleavage at the Q105-F106 tar- 
get site should give two products of predicted 
molecular weights 11.5 and 8.4 kDa. Cleavage 
of the 16.7 kDa syb-a product would be ex- 
pected to give fragments of 10.1 and 6.6 kDa. 
No new bands that might be syb-a degradation 
products and no decrease in intensity of the 
uncleared syb-a band when compared with a 
toxin-free control reaction were seen when 
syb-a was incubated with either toxin light 
chain or holotoxin for as long as 6 hr (data not 
shown). Rat synaptobrevin 2 is completely di- 
gested by TeTxLC; the Q76V substitution ren- 
ders rat synaptobrevin 2 resistant to cleavage 
by the toxin. 
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n=? growth,  we th ink this unlikely. The mechan ism of Ca  2÷ 
dependence  of  the mEJCs  is unknown,  a l though this phe- 
nomenon has been observed  in other  systems (Katz, 
1969). 
The effects of  TeTxLC also depend on whether  it has 
any other  cel lu lar  targets;  the most  obv ious  possibi l i t ies 
are synaptobrev in  homologs  with a conserved  toxin c leav- 
age  site. Our  results argue aga inst  the ex is tence of other  
targets.  First, syb-a, the largest  product  of the ubiquitously 
129 x 129 x 129 x 129 x CS CS 
TNT CS TNT CS  M F 
M M F F 
Figure 7. Reduced Olfactory Escape Response of Flies Expressing 
TeTxLC Driven by P-GAL4 Line 129 
Histogram of response percentages (± SEM) of the progeny of line 
129 crossed to TNT-E, the progeny of line 129 crossed to Canton S 
w, and Canton S w, all reared at 18°C; males (M) and females (F) 
were scored separately. The number of experiments, n, carried out 
to obtain each data point, are shown above each bar. 
C 
Figure 8. Expression Pattern of P-GAL4 Insertion 129 in Young Adult Flies 
This expression pattern was visualized by X-gal staining of flies, in which UAS-lacZ is driven by the GAL4 insertion. 
(A) Expression in sensillae of the second (2) and third (3) antennal segments. 
(B) Expression in maxillary palp sensillae. 
(C) Expression in the brain is in a cluster of 7-10 neurons at the base of the optic lobes, in a few tracheal projections (asterisk, mostly out of 
focus), and in a small number of other neurons scattered throughout he brain. 
(D) Expression in the thoracic ganglion is most striking in axon bundles that originate in the leg nerves of the first (1), second (2), and third (3) 
thoracic segments. We believe that these are mainly projections from sensory neurons, as there is strong expression in many leg mechanosensory 
bristles, and the projections are not obviously associated with motorneuron cell bodies. A few cell bodies of unknown identity are also stained 
(e.g., asterisk). 
(E) Expression in leg bristles in the tibia (closed arrow) and in the leg nerve (open arrow), which continues from the prominent axon tracts in the 
thoracic ganglion (D). 
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expressed syb gene, is not detectably cleaved by either 
TeTxLC or reduced tetanus holotoxin. Second, no obvious 
morphological or developmental  defects result from toxin 
expression in either neurons or muscles, even when toxin 
has been present in these cells throughout most of em- 
bryogenesis. This contrasts with mammals,  in which cellu- 
brevin is cleaved by TeTx and this cleavage is associated 
with a partial block of constitutive exocytosis (McMahon 
et al., 1993; Ga l l i e t  al., 1994), and TeTxLC can cause 
morphological defects in nonneuronal cells (Eisel et al., 
1993). In addition, expression of TeTxLC in Drosophila 
embryonic muscles has no detectable effect on synaptic 
transmission, suggesting that there is no retrograde syn- 
aptic transport of toxin. 
The normal morphology of the neuron and muscle, in- 
cluding the NMJ, also suggests that synaptic vesicle re- 
lease is not required for the correct morphology and spatial 
patterning of neuromuscular synapses. This agrees with 
the earlier finding that electrical activity is not essential for 
initial development and morphology of the neuromuscular 
synapse (Broadie and Bate, 1993a). Further work should 
determine whether all the effects of electrical activity on 
development of the receptor field are mediated by synaptic 
transmission. 
Surprisingly, considerable muscle movement  was ob- 
served in immature late embryos that expressed TeTxLC 
in the nervous system (16-19 hr AEL). However, neuro- 
muscular synaptic transmission is el iminated at this time 
when TeTxLC is expressed presynaptically. This suggests 
that these muscle movements cannot result from neuronal 
control. This agrees with previous observations that block- 
ers of neural action potentials (tetrodotoxin, a Na ÷ channel 
agonist) or neuromuscular synaptic transmission (argio- 
toxin, a glutamate receptor agonist) el iminate coordinated 
peristaltic movements of the late embryo (Broadie and 
Bate, 1993a, 1993b), but do not completely block muscle 
contraction. The movement that persists in embryos that 
express TeTxLC presynaptically is often more robust than 
that observed after injection of tetrodotoxin or argiotoxin. 
Such movement  may result from the normal electrical 
properties of the muscle membrane not having been es- 
tablished at this stage or by the presence of a few neurons 
that do not express the toxin (see Figure 4). 
Expression of TeTxLC under control of one GAL4 inser- 
tion that is expressed in a relatively small number of neu- 
rons can cause a behavioral phenotype. We cannot say 
at this stage which cells are responsible for the phenotype, 
but the most obvious candidates are neurons in the anten- 
nal and maxil lary palp sensil lae that are stained, and possi- 
bly interneurons in the brain or motorneurons in the tho- 
racic nerve cord. Neither the tergotrochanter motor neuron 
nor the giant descending neuron is stained; these neurons 
have been implicated in the visual escape response, but 
may not be the only neurons capable of mediating this 
response (Bacon and Strausfeld, 1986). To distinguish be- 
tween these possibilities will require standard physiologi- 
cal and behavioral analysis of the kind that can be applied 
to conventional mutants with a similar phenotype. 
The properties of TeTxLC in Drosophila should make it 
a useful tool for analysis of behavior, allowing models on 
the physiological or behavioral role of defined neurons to 
be tested. This will, of course, apply only to roles that 
involve chemical synaptic transmission, because electri- 
cal synaptic contacts do not depend on neurotransmitter 
release for their function. The lack of other detectable ef- 
fects of the toxin on neuronal or nonneuronal cells facili- 
tates practical use of the toxin, as its expression outside 
the nervous system does not cause general debilitation 
that may interfere with the behavior being studied. 
Experimental Procedures 
Transgenic Drosophila 
Construction of the synthetic TeTxLC gene used in this study was 
described previously (Eisel et al, 1993). Derivation of two inactive 
TeTxLC mutants, LC2-V233-V237 (in which two His residues at posi- 
tions 233 and 237 have been mutated into Val residues) and LC2-Q234 
(in which Glu-234 has been mutated into a Gin residue) has also been 
described previously (Yamasaki et al., 1994a). 
pTNT, plMPTNT-Q, and plMPTNT-V were generated by the inser- 
tion of the TeTxLC gene fragment and the LC2-Q234 and LC2-V233- 
V237 mutant derivatives, respectively, into the polylinker of the P 
element vector pUAST (Brand and Perrimon, 1993). DNA for microin- 
jection was prepared using Qiagen maxi-prep column according to 
the instructions of the manufacturer. Constructs were coinjected 
(Spradling, 1986) with helper P element phe-~-A2-3 (Misra and Rio, 
1990) into y w embryos. About 200-400 embryos were injected with 
each construct and were maintained at 18°C. About 10%-14% of 
injected embryos survived to adulthood regardless of whether they 
were injected with the active or inactive TeTxLC gene. Balanced or 
homozygous stocks carrying each construct were generated using 
appropriate balancer chromosomes. Using pTNT, one insert was re- 
covered on the X chromosome (TNT-C1), five inserts on chromosome 
2 (TNT-E2, TNT-G2, TNT-H2, TNT-L2, TNT-N2), and two inserts on 
chromosome 3 (TNT-K3 and TNT-R3). Using the inactive construct 
plMPTNT-Q, we obtained three transformant fly lines, all on chromo- 
some 2 (IMPTNT-QA2, IMPTNT-QB2, IMPTNT-QC2). Using the inac- 
tive construct plMPTNT-V, six traneformant lines were obtained, one 
on the X chromosome (IMPTNT-VD1), two on chromosome 2 (IMPTNT- 
VA2, IMPTNT-VF2), and three on chromosome 3 (IMPTNT-VB3, 
IMPTNT-VG3, and IMPTNT-VL3). 
P-GAL4 enhancer-trap lines (Brand and Perrimon, 1993) were gen- 
erated in a screen in our laboratory (K. G. Moffat, J. Connolly, J. K., 
S. T. S., and C. J. O'K., unpublished data), except that line 24B was 
a gift from Andrea Brand and line 1407 was a gift from Joachim Urban 
and Gerd Technau. 
Molecular Techniques 
cDNA clones of Drosophila syb-a (SLidhof et al., 1989; Chin et al, 
1993) and n-syb (DiAntonio et al., 1993b), and plasmids pSB2 and 
pRSB2Q76V, carrying rat synaptobrevin 2 and TeTx-resistant rat sy- 
naptobrevin 2, respectively (Yamasaki et al., 1994a), have been de- 
scribed previously. For in vitro transcription-translation, a XhoI-Clal 
fragment containing either the rat synaptobrevin IIgene orthe recombi- 
nant (TeTx-resistant) rat synaptobrevin 2 Q76V was cloned into 
pBluescript SKII to yield pBtSB2 and pBtSB2Q76V. Template DNA 
was prepared using Qiagen maxi-prep columns according to the in- 
structions of the manufacturer. For in vitro transcription-translations, 
the TnT T3/T7 coupled reticulocyte lysate system (Promega) was em- 
ployed using [35S]methionine (translation grade, 1000 Ci/mmol, Du 
Pont NEN) as a label, and including RNasin (Pharmacia) in the reac- 
tion, according to the instructions of the manufacturer. Transcription 
of n-syb and syb-a clones was performed by T3 polymerase; transcrip- 
tion of pBtSB2 and pBtSB2Q76V was performed by T7 polymerase. 
About 1 }~g of plasmid DNA was used per 50 pl reaction. Reactions 
were tested for production of 3sS-labeled synaptobrevin by running 2 
I11 of reaction mix on 17.5% SDS-polyacrylamide gels (Laemmli, 1970) 
and using 14C protein size markers (Gibco/BRL). Gels were fixed in 
40% methanol/10% acetic acid for 1 hr and washed in Amplify (Amer- 
sham) for 30 rain prior to drying down and autoradiography. 
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Prior to incubation with in vitro translated synaptobrevin, recombi- 
nant TeTxLC (Yamasaki et al., 1994b) was preincubated at 37°C with 
1 mM ZnCI2, 10 rnM DTT for 10 min. The cleavage reaction consisted of 
0.5 ~.g recombinant TeTxL, 0.25 t~l of in vitro transcription-translation 
reaction products in 20 mM HEPES (pH 7.0), 100 mM NaCI, 0.1% 
Triton X-100 in a total volume of 10 ~.1. Upon addition of toxin, cleavage 
reactions were incubated at 37°C for up to 6 hr, and products were 
separated by SDS polyacrylamide electrophoresis as above. 
Taq polymerase cycle sequencing of DNA was performed using 
an ABI kit, and sequence data was obtained on an ABI automated 
sequencer. 
Embryo Preparation 
Eggs were collected from flies maintained on apple juice agar plates 
at 25°C. Eggs were dechorionated with bleach (1-2 min at room tem- 
perature), and late gastrulae were selected on morphological criteria 
(Campos-Ortega and Hartenstein, 1985; Broadie and Bate, 1993b). 
Gastrulae were incubated in a moist chamber at 25°C until the normal 
hatching age. All developmental times are reported as AEL at 25°C. 
Under these conditions, late gastrulae are aged 3 hr AEL and hatching 
is 20-22 hr AEL. 
Staged embryos were dissected at 20-22 hr AEL, as reported earlier 
(Broadie and Bate, 1993b). In brief, embryos in saline were removed 
from the vitelline membrane, cut along the dorsal midline, and laid 
flat on a coverslip. Internal organs were removed to reveal the neuro- 
musculature. All work was performed on a single, identified NMJ on 
ventral ongitudinal muscle 6 (Broadie et al., 1994a) in abdominal seg- 
ment A2. 
To assess hatching rates and motility, 100 embryos of each cross 
(0-2 hr AEL) were incubated on a fresh plate of grape juice agar and 
allowed to develop at 25°C until normal hatching age (20-22 hr after 
collection). 
Electrophysiology 
For physiological experiments, the preparation was viewed in a com- 
pound microscope fitted with Nomarski optics and a 40 x water immer- 
sion lens. Whole-cell recordings from muscle 6 were made with patch 
pipettes pulled from borosilicate glass (fiber filled) with tips fire- 
polished to final resistances of 3-5 M~. Whole-cell current recordings 
were achieved using standard patch-clamp techniques as reported 
earlier (Broadie and Bate, 1993b). The muscle was voltage-clamped 
at -60 mV. Signals were amplified using an Axopatch-1D (Axon Instru- 
ments) patch-clamp amplifier and filtered with an 8-pole Bessel filter 
at 2 KHz. Data were analyzed using pCLAMP 5.51 software (Axon 
Instruments). The genotype of embryos was confirmed with immunocy- 
tochernistry following recording. 
Except where otherwise stated, physiological recordings were per- 
formed in normal fly salines. The bath consisted of 135 mrnol/liter 
NaCI, 5 rnmol/liter KCI, 4 mmol/liter MgCI2, 2 mmol/liter CaCI2, 5 mmol/ 
liter TES, 36 mmol/liter sucrose. The intracellular solution consisted 
of 120 rnmol/liter KCI, 20 rnmol/liter KOH, 4 mmol/liter MgCI2, 5 mmol/ 
liter TES, 5 mrnol/liter EGTA, 0.25 rnmol/liter CaCI2, 4 mrnol/liter ATP, 
0.4 mmol/liter GTP, 36 mmol/liter sucrose. The pH of all solutions was 
buffered at 7.15. The muscle sheath was removed by incubation in 
collagenase (collagenase IV [Sigma]; 1 mg/rnl, 1 min at room tempera- 
ture) prior to patch-clamping. 
The glutamate-gated excitatory junction current (EJC) was studied 
by L-glutamate iontophoresis at the developing NMJ on muscle 6 as 
reported earlier (Broadie and Bate, 1993a, 1993b). In brief, a stock 
solution of 0.1 M L-glutamate (monosodium salt [pH 8]) was applied 
through pipettes (10-20 M~) with short pulses (5-10 ms) of negative 
current to the postsynaptic membrane at the NMJ site. Glutamate 
leakage between pulses was prevented with a small positive current. 
The pipette was positioned to within 1 ~M of the muscle membrane 
with a Huxley-Hall micromanipulator. The glutamate-gated current was 
recorded in the muscle voltage-clamped at -60 mV. 
The motor nerve was stimulated with a suction electrode where it 
exits the CNS, and the synaptic current in the voltage-clamped muscle 
was recorded as reported earlier (Broadie and Bate, 1993b). In brief, 
a small segment of the motor nerve was drawn into a suction pipette 
and stimulated with short pulses (1 ms) of positive current. 
mEJCs were assayed as described previously (Broadie et al., 
t994b). In brief, the muscle was clamped at -60 mV, the main nerve to 
the muscle was cut, and the CNS removed prior to recording. Currents 
were measured in both O mM external Ca z-- (EGTA-buffered) or normal 
1.8 mM Ca 2÷. 
Histology 
Whole and dissected embryos were immunologically stained as re- 
ported previously (Broadie and Bate, 1993b). In brief, staged embryos 
were cut along the dorsal midline, attached flat to a ceverslip, and 
fixed for 30 min with 4% paraformaldehyde. Embryos were probed 
with a polyclonal anti-fasciclin II antibody (1:100), which recognizes 
the cytoplasmic domain of fasciclin II in all motor neurons (Van Vactor 
et al., 1993), a monoclonal anti-TeTxLC antibody (1:10,000; J. Thierer 
and H. Niemann, unpublished data), a polyclonal anti-synaptotagmin 
antibody (1:1000; Littleton et al., 1993b), or a polyclonal antibody 
raised against the HV62 peptide containing residues 33-94 of human 
synaptobrevin 2 (1:500; Shone et al., 1993; Li et al., 1994). 
For adult staining, flies were killed by dipping in ethanol for a few 
seconds, then dissected quickly in 4% paraformaldehyde in phos- 
phate-buffered solution (PBS; 0.1 M sodium phosphate buffer [pH 7.2]) 
in a Sylgard-covered dish. With the ventral surface facing upwards, 
the proboscis was pushed carefully into the extended position with 
fine forceps, a patch of cuticle on the posterior of the proboscis was 
removed, and the large silvery tracheae within the head capsule were 
carefully pulled out, trying to avoid damaging the brain and eyes. Sharp 
forceps were used to cut a patch of ventral thoracic cuticle along the 
sides of the sternal plates, between the bases of the first and second 
thoracic legs. This cuticle was carefully peeled off while avoiding in- 
serting the forceps into the body of the thorax and, if necessary, cutting 
muscles anchored to the cuticle patch. X-gal (25 ~1; 8% in dimethyl 
sulfoxide; stored in the dark at -20°C) was preheated io 37°C immedi- 
ately before use, and 1 rnl of staining solution, containing 10 rnM 
Na-phosphate (pH 7.2), 10 mM K,(Fe[II][CN]~), 10 mM K3(Fe[III][CN]6), 
150 mM NaCI, 1.0 mM MgCI2, and 0.3% Triton X-100 (stored in the 
dark at 4°C) preheated to 37°C, was added. The fly carcass was added 
to staining solution and left at 37°C in a 1.5 ml Eppendorf tube or in 
a rnicrotitre plate on a heating block set at 40°C for a few hours until 
staining was complete. Flies were placed at room temperature in 4% 
paraformaldehyde and 15% hydrogen peroxide in PBS for about a 
day, or until the eyes and most of the body were colorless. Flies were 
put through an ethanol series (50%, 70%, 100%, with 12 hr at each 
intermediate step), cleared in Histoclear (National Diagnostics), trans- 
ferred onto a glass slide, covered in Araldite, covered with a cover 
slip suspended over the body on two fragments of microscope slide, 
and left to harden at room temperature for several days. 
To stain adult nervous systems, flies were pinned through their 
abdomen onto a dissecting dish and dissected while submerged in 
fix. Using very fine forceps, the head capsule was removed from the 
brain, taking care not to snap the cervical connective between the 
brain and thorax. Legs were removed, and the forceps were used like 
a can-opener to pierce carefully and then remove the cuticle of the 
ventral thorax. Nerves entering and leaving the thoracic ganglion were 
severed, the ganglion levered out of the thoracic cavity, and finally, 
surrounding tracheae were ripped off. At no point was the nervous 
system held with forceps. All dissections were performed in fix for 
5-15 min, and fixed nervous systems were removed to staining solu- 
tion and left to stain. After staining, tissue was postfixed for 1 hr (4% 
paraforrnaldehyde in PBS), dehydrated using an ethanol series with 
1 hr per step, cleared for 5 min in Histoclear, and mounted in Araldite. 
Behavior 
The olfactory escape response was performed essentially as de- 
scribed by McKenna et al. (1989), using a hand-operated valve to 
introduce humidified air, which had been bubbled through a solution 
of 10% benzaldehyde in mineral oil, into a stream of humidified air 
passing over a fly in a chamber. Flies were anesthetized lightly on the 
day of eclosion using CO2, separated according to sex, and left to 
recover overnight in food vials. Responses of male and female flies 
were scored separate]y. 
To control for effects of genetic background, TNT insertions were 
outcrossed in females to w z Canton S males for six generations, and 
then made homozygous again by brother-sister natings. Hornozy- 
gotes were identified as a result of their darker eye color caused by 
two copies of the TNT insert. A Cantonized TNT insertion was then 
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crossed to nonCantonized P-GAL4 lines of interest to produce off- 
spring for testing. To control for dominant effects of the P-GAL4 inser- 
tion or of unrelated mutations in its genetic background, any such line 
that gave a behavioral phenotype when crossed to a Cantonized TNT 
insertion was also crossed to w z Canton S, and the progeny were 
tested for their jump response. Dominant effects of the TNT insert 
used were excluded, as most P-GAL4 lines tested gave relatively high 
jump levels when crossed to TNT flies. 
Single response frequencies were estimated using 40 individuals 
per experiment, and each experiment was repeated several times us- 
ing new individuals. Differences between sexes and among geno- 
types, and the homogeneity of each class of fly were assessed using 
the ;~2 test. Response rates for each class were reproducible from day 
to day. 
Acknowledgments 
We thank A. Brand, J. Urban, and G. Technau for P-GAL4 lines, T. 
Tulty for the w z Canton S line, R. Burgess and T. Schwarz for syb and 
n-syb clones, and N. Fairweather of Wellcome Foundation for tetanus 
holotoxin. We are grateful to H. Bellen for synaptotagmin antibody 
and to C. Shone and P. Hambleton of CAMR for sending synaptobrevin 
antibody at such short notice. We thank S. May for teaching us how 
to dissect flies and brains, and K. Moffat for stimulating ideas and for 
help with embryo injection. Automated sequencing was supported by 
a grant from the Wellcome Trust. S. T. S. was supported by a Biotech- 
nology and Biological Sciences Research Council studentehip. J. K. 
was supported by an European Community Science plan grant 
(ERBSC1 *CT920790) to C. J. O'K. K. B. is a research fellow of Girton 
College, Cambridge whose work is supported by the Wellcome Trust. 
The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC Section 1734 
solely to indicate this fact. 
Received July 14, 1994; revised October 21, 1994. 
References 
Archer, B. T., ()z(;elik, T., Jahn, R., Francke, U., and S0dhof, T. C. 
(1990). Structures and chromosomal Iocalizations of two human genes 
encoding synaptobrevins 1 and 2. J. Biol. Chem. 265, 17267-17273. 
Bacon, J. P., and Strausfeld, N. J. (1986). The dipteran "giant fibre" 
pathway: neurons and signals. J. Comp. Physiol. (A) 158, 529-548. 
Baumert, M., Maycox, P. R., Navone, F., DeCamilli, P., and Jahn, R. 
(1989). Synaptobrevin: an integral membrane protein of 18,000 daltons 
present in small synaptic vesicles of rat brain. EMBO J. 8, 379-384. 
Bittner, M. A., DasGupta, B. R., and Holz, R. W. (1989). Isolated light 
chains of botulinum neurotoxins inhibit exocytosis. J. Biol. Chem. 264, 
10354-10360. 
Brand, A. H., and Perrimon, N. (1993). Targeted gene expression as 
a means of altering cell fates and generating dominant phenotypes. 
Development 118, 401-415. 
Broadie, K., and Bate, M. (1993a). Activity-dependent development of 
the neuromuscular synapse during Drosophila embryogenesis. Neu- 
ron 11,607-619. 
Broadie, K., and Bate, M (1993b). Development of the embryonic 
neuromuscular synapse of Drosophila melanogaster. J Neurosci 13, 
144-166. 
Broadie, K., Sink, H., VanVactor, D., Fambrough, D., Whitington, 
P. M., Bate, M., and Goodman, C. S. (1994a). From growth cone to 
synapse: the life history of the RP3 motoneuron. Development, in 
press. 
Broadie, K., Bellen, H. J., DiAntonio, A., Littleton, J. T., and Schwarz, 
T. L. (1994b). Absence of synaptotagmin disrupts excitation-secretion 
coupling during synaptic transmission. Proc. Natl. Acad. Sci. USA 91, 
in press. 
Campos-Ortega, J. A., and Hartenstein, V. (1985). The Embryonic 
Development of Drosophila melanogaster. (Springer-Verlag: Berlin). 
Chin, A. C., Burgess, R. W., Wong, B. R., Schwarz, T. L., and Scheller, 
R. H. (1993). Differential expression of transcripts from syb, a Drosoph- 
ila melanogaster gene encoding VAMP (synaptobrevin) that is abun- 
dant in non-neuronal cells. Gene 131, 175-181. 
DiAntonio, A., Parfitt, K., and Schwarz, T. L. (1993a). Synaptic trans- 
mission persists in synaptotagmin mutants of Drosophila. Cell 73, 
1281-1290. 
DiAntonio, A., Burgess, R. W., Chin, A. C., Deitcher, D. L., Scheller, 
R. H., and Schwarz, T. L. (1993b). Identification and characterization 
of Drosophila genes for synaptic vesicle proteins. J. Neurosci. 13, 
4924-4935. 
Eisel, U., Reynolds, K., Riddick, M., Zimmer, A., Niemann, H., and 
Zimmer, A. (1993). Tetanus toxin light chain expression in Sertoli cells 
of transgenic mice causes alterations of the actin cytoskeleton and 
disrupts spermatogenesis. EMBO J. 12, 3365-3372. 
EIferink, L A., Trimble, W. S., and Scheller, R. H. (1989). Two vesicle- 
associated membrane protein genes are differentially expressed in 
the rat central nervous system. J. Biol. Chem. 264, 11061-11064. 
Galli, T., Chilcote, T., Mundigi, O., Binz, T., Niemann, H., and DeCa- 
milli, P. (1994). Tetanus-toxin-mediated cleavage of cellubrevin im- 
pairs exocytosis of transferrin receptor-containing vesicles in CHO 
cells. J. Cell Biol. 125, 1015-1024. 
Katz, B. (1969). The Release of Neural Transmitter Substances. 
(Springfield, Illinois: Thomas Publishers). 
Harrison, S. D., Broadie, K., van de Goor, J., and Rubin, G. M. (1994). 
Mutations in the Drosophila Rop gene suggest a function in general 
secretion and synaptic transmission. Neuron 13, 555-566. 
Kurazono, H., Mochida, S., Binz, T., Eisel, U., Quanz, M., Grebenstein, 
O., Poulain, B., Tauc, L., and Niemann, H. (1992). Minimal essential 
domains specifying toxicity of the light chains of tetanus toxin and 
botulinum neurotoxin type A. J. Biol. Chem. 267, 14721-14729. 
Laemmli, U. K. (1970). Cleavage of structural proteins during the as- 
sembly of the head of bacteriophage T4. Nature 227, 680-685. 
Li, Y., Foran, P., Fairweather, N. F., de Paiva, A., Weller, U., Dougan, 
G., and Dolly, J. O. (1994). A single mutation in the recombinant light 
chain of tetanus toxin abolishes its proteolytic activity and removes 
the toxicity seen after reconstitution with native heavy chain. Biochem- 
istry 33, 7014-7020. 
Link, E., Edelman, L., Chou, J. H., Binz, T., Yamasaki, S., Eisel, U., 
Baumert, M., S~3dhof, T. C., Niemann, H., and Jahn, R. (1992). Tetanus 
toxin action: inhibition of neurotransmitter release linked to synapto- 
brevin proteolysis. Biochem. Biophys. Res. Commun. 189, 1017- 
1023. 
Littleton, J. T., Stern, M., Schulze, K., Perin, M., and Bellen, H. J. 
(1993a). Mutational analysis of Drosophila synaptotagmin demon- 
strates its essential role in Ca2+-activated neurotransmitter release. 
Cell 74, 1125-1134. 
Littleton, J. T., Bellen, H. J., and Perin, M. S. (1993b). Expression 
of synaptotagmin in Drosophila reveals transport and localization of 
synaptic vesicles in the synapse. Development 118, 1077-1088. 
Luo, L., Liao, Y. J., Jan, L. Y., and Jan, Y. N. (1994). Distinct morphoge- 
netic functions of similar small GTPases: Drosophila Dracl is involved 
in axonal outgrowth and myoblast fusion. Genes Dev. 8, 1787-1802. 
McKenna, M., Monte, P., Helfand, S. L., Woodward, C., and Carlson, 
J. (1989). A simple chemosensory response in Drosophila and the 
isolation of acj mutants in which it is affected. Proc. Natl. Acad. Sci. 
USA 86, 8118-8122. 
McMahon, H. T., Ushkaryov, Y. A., Edelmann, L., Link, E., Binz, T., 
Niemann, H., Jahn, R., and S~dhof, T. C. (1993). Cellubrevin is a 
ubiquitous tetanus-toxin substrate homologous to a putative synaptic 
vesicle fusion protein. Nature 364, 346-349. 
Misra, S., and Rio, D. C. (1990). Cytotype control of Drosophila P 
element ransposition: the 66 kd protein is a repressor of transposase 
activity. Cell 62, 269-284. 
Mochida, S., Poulain, B., Eisel, U., Binz, T., Kurazono, H., Niemann, 
H., and Tauc, L. (1990). Exogenous mRNA encoding tetanus or botuli- 
hum neurotoxins expressed in Aplysia neurons. Proc. Natl. Acad. Sci. 
USA 87, 7844-7848. 
Niemann, H., Blasi, J., and Jahn, R. (1994). Clostridial neurotoxins: 
new tools for dissecting exocytosis. Trends Cell Biol. 4, 179-185. 
Nonet, M. L., Grundahl, K., Meyer, B. J., and Rand, J. B. (1993). 
Tetanus Toxin Light Chain Expression in Drosophila 
351 
Synaptic function is impaired but not eliminated in C. elegans mutants 
lacking synaptotagmin. Cell 73, 1291-1305. 
Osen-Sand, A., Catsicas, M., Staple, J. K., Jones, K. A., Ayala, G., 
Knowles, J., Grenningloh, G,, and Catsicas, S. (1993). Inhibition of 
axonal growth by SNAP-25 antisense oligonucleotides in vitro and in 
vivo. Nature 364, 445-448. 
Poulain, B., Tauc, L., Maisey, E. A., Wadsworth, J. D. F., Mohan, 
P. M., and Dolly, J. O. (1988). Neurotransmitter release is blocked 
intracellularly by botulinurn neurotoxin, and this requires uptake of 
both toxin polypeptides by a process mediated by the larger chain. 
Proc. Natl. Acad. Sci. USA 85, 4090-4094. 
Rosahl, T. W., Geppert, M., Spillane, D., Herz, J., Hammer, R. E., 
Malenka, R. C., and SLidhof, T. C. (1993). Short-term synaptic plasticity 
is altered in mice lacking synapsin I. Cell 75, 661-670. 
Schiavo, G., Benfenati, F., Poulain, B., Rossetto, O., DeLaureto, 
P. P., DasGupta, B. R., and Montecucco, C. (1992). Tetanus and botuli- 
num-B neurotoxins block neurotransmitter release by proteolytic leav- 
age of synaptobrevin. Nature 359, 832-835. 
Shone, C. C., Quinn, C. P., Wait, R., Hallis, B., Fooks, S. G., and 
Hambleton, P. (1993). Proteolytic cleavage of synthetic fragments of 
vesicle-associated membrane protein isoform-2 by botulinum type B 
neurotoxin. Eur. J. Biochem. 217, 965-971. 
SSllner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage, H., 
Geromanos, S., Tempst, P., and Rothman, J. E. (1993). SNAP recep- 
tors implicated in vesicle targeting and fusion. Nature 362 318-324. 
Spradling, A. C. (1986). P element-mediated transformation. In Dro- 
sophila: A Practical Approach, D. B. Roberts, ed. (Oxford: IRL Press), 
pp. 60-73. 
S~dhof, T. C., Baumert, M., Perin, M. S., and Jahn, R. (1989). A synap- 
tic vesicle membrane protein is conserved from mammals to Drosoph- 
ila. Neuron 2, 1475-1481. 
Trimble, W. S., Cowan, D. M., and Scheller, R. H. (1988). VAMP-l: 
a synaptic vesicle-associated integral membrane protein. Proc. Natl. 
Acad. Sci. USA 85, 4538-4542. 
Van Vactor, D., Sink, H., Farnbrough, D., Tsoo, R., and Goodman, 
C. S. (1993). Genes that control neuromuscular specificity in Droso- 
pholia. Cell 73, 1137-1153. 
Walch-Solimena, C., Jahn, R., and SL~dhof, T. C. (1993). Synaptic 
vesicle proteins in exocytosis: what do we know? Curr. Opin. Neuro- 
biol. 3, 329-336. 
Yamasaki, S., Baumeister, A., Binz, T,, Blasi, J., Link, E., Cornille, 
F., Roques, B., S~Jdhof, T. C., Jahn, R., and Niemann, H. (1994a). 
Cleavage of members of the synaptobrevin/VAMP family by types D 
and F botulinum neurotoxins and tetanus toxin. J. Biol. Chem. 269, 
12764-12772. 
Yamasaki, S., Hu, Y., Binz, T., Kalkuhl, A., Kurazono, H., Tamura, 
T., Jahn, R., Kandel, E., and Niemann, H. (1994b). Synaptobrevin 
(VAMP) of Aplysia californica: structure and degradation by tetanus 
toxin, and butulinal neurotoxins type D and F. Proc. Natl. Acad. Sci. 
USA 91, 4688-4692. 
Zinsmaier, K. E., Eberle, K. K., Buchner, E., Walter, N., and Benzer, 
S. (1994). Paralysis and early death in cysteirie string protein mutants 
of Drosophila. Science 263, 977-980. 
Note Added in Proof 
The name of the w Canton S strain that we refer to as w z should be 
w(CSIO) (T. Tully, personal communication). 
Chin et al. (1993) report a sequence of QS for the TeTx cleavage site 
of Drosophila syb in a genomic clone, in contrast to the QF sequence 
reported by them for cDNA clones and the sequence reported by Sud- 
hof et al. (1989). We have not resolved this discrepancy, but a QS 
sequence would be consistent with the resistance of syb protein to 
TeTx cleavage that we report here. 
